Introduction
Macrophage migration inhibitory factor (MIF) is an upstream immunoregulatory cytokine that contributes to the pathogenesis of autoimmunity, infectious diseases, and cancer (1, 2) . MIF counterregulates the immunosuppressive action of glucocorticoids and promotes the survival of different cell types by inhibiting activation-induced apoptosis (3, 4) . In the case of macrophages, autocrine/paracrine MIF release sustains high expression levels of microbial pattern recognition receptors, innate cytokines, and prostaglandins (4, 5) . MIF signal transduction is initiated by its engagement of CD74, which is the ligand-binding component of the MIF receptor complex, leading to phosphorylation of the CD74 intracellular domain, recruitment of the CD44 signal-transducing protein, and activation of Src family kinases (6, 7) . In addition, MIF interacts with CXCR2/4, which accounts for its eponymic "arrest" function on mononuclear cells (8) .
Human genetic studies have identified a 4-nucleotide microsatellite (CATT) in the MIF promoter that is present in 5 to 8 copies (-794 CATT [5] [6] [7] [8] , rs5844572) ( Figure 1A ). Functional studies indicate that CATT repeat number is associated with inducible MIF expression such that the CATT 5 repeat is a low expression allele and the CATT 6 , CATT 7 , and CATT 8 repeats are progressively higher expression alleles (9) . These promoter variants occur commonly in the population (minor allele frequency >5%), and higher CATT number is linked to the susceptibility or the clinical severity of autoimmune inflammatory disease (10) (11) (12) .
Infectious, oncogenic, and neurodevelopmental disorders with an inflammatory pathogenesis also have been associated with the MIF microsatellite, with odds ratios as high as 2.7 for meningococcal sepsis and 9.7 for metastatic prostate cancer (13) (14) (15) . MIF's upstream role in the host response is supported by studies of Mif-deficient mice, which are protected from the inflammatory sequelae of different infections or autoimmunity and show reduced tumorigenesis (16) (17) (18) . These human genetic and experimental findings have prompted the recent clinical testing of anti-MIF, with the objective that therapeutic intervention may be guided by an individual's MIF genotype (19) .
There is ample evidence that the MIF -794 CATT [5] [6] [7] [8] promoter microsatellite regulates transcription based on gene expression studies and on plasma MIF levels in genotyped individuals with rheumatoid arthritis (10) , systemic lupus erythematosus (12) , and sepsis (13) . To date, however, there is scant information about the molecular regulation of this site under either physiologic or pathologic circumstances. Promoter analysis software predicts the MIF -794 CATT [5] [6] [7] [8] sequence to interact with the transcription factor, Pit-1, which activates pituitary hormone genes (20) . Evidence that Pit-1 may regulate MIF expression is suggested by the initial cloning of murine MIF from pituitary cells (21) , which secrete it in response to corticotropin-releasing factor (22) , and by the diurnal variation in circulating MIF levels, which are influenced by neuroendocrine stress (23) . Among the transcriptional elements that have been studied experimentally are promotor sites for the transcription factors Sp1 and AP-1 and those responsive to cAMP and hypoxiainducible factor-1α (24, 25) . The permissive effect of glucocorticoids on MIF transcription in human T cells also has been mapped to the GRE and ATF/CRE transcription factor-binding sites (26) .
The immunoregulatory cytokine macrophage migration inhibitory factor (MIF) is encoded in a functionally polymorphic locus that is linked to the susceptibility of autoimmune and infectious diseases. The MIF promoter contains a 4-nucleotide microsatellite polymorphism (-794 CATT) that repeats 5 to 8 times in the locus, with greater numbers of repeats associated with higher mRNA levels. Because there is no information about the transcriptional regulation of these common alleles, we used oligonucleotide affinity chromatography and liquid chromatography-mass spectrometry to identify nuclear proteins that interact with the -794 CATT [5] [6] [7] [8] site. An analysis of monocyte nuclear lysates revealed that the transcription factor ICBP90 (also known as UHRF1) is the major protein interacting with the MIF microsatellite. We found that ICBP90 is essential for MIF transcription from monocytes/macrophages, B and T lymphocytes, and synovial fibroblasts, and TLR-induced MIF transcription is regulated in an ICBP90-and -794 CATT 5-8 length-dependent manner. Whole-genome transcription analysis of ICBP90 shRNA-treated rheumatoid synoviocytes uncovered a subset of proinflammatory and immune response genes that overlapped with those regulated by MIF shRNA. In addition, the expression levels of ICBP90 and MIF were correlated in joint synovia from patients with rheumatoid arthritis. These findings identify ICBP90 as a key regulator of MIF transcription and provide functional insight into the regulation of the polymorphic MIF locus.
Transcription factor ICBP90 regulates the MIF promoter and immune susceptibility locus containing oligonucleotides versus the 5′CATT 0 -containing oligonucleotides by 2D gel electrophoresis (Figure 2A ). The overall complexity of retained proteins was low, and additional and more abundant proteins were evident after electrophoresis of the MIF 5′CATT 8 oligo-bound complexes versus the 5′CATT 5 oligo-bound complexes. MALDI-TOF analysis of the 3 most abundant proteins present in the 5′CATT 8 oligo-bound complexes identified these to be nucleolar transcription factor-1 (expectation value 1.90 × 10 (Tables 1 and 2) . As nucleolar transcription factor-1 is an abundantly expressed regulator of RNA polymerase that also appeared in the presence of the 5′CATT 0 oligo, we focused attention on ICBP90 (27) . Western blot analysis of monocyte nuclear proteins incubated with 5′CATT [5] [6] [7] [8] oligonucleotides revealed a CATT X length-dependent retention of ICBP90 ( Figure 2B ). Further evidence for the specific interaction between the MIF promoter CATT X site and ICBP90 was provided by EMSA. The addition of nuclear proteins from human monocytes shifted the mobility of a biotin-labeled, CATT 8 -containing MIF promoter oligonucleotide ( Figure 2C , lane 1 vs. 6), and this effect was eliminated by excess unlabeled 5′CATT 8 oligonucleotide ( Figure 2C , lane 3) but not 5′CATT 0 oligonucleotide ( Figure  2C , lane 2) and inhibited by pretreating nuclear proteins with anti-ICBP90 ( Figure 2C , lane 4). ChIP followed by subcloning and DNA sequencing of the PCR amplicon confirmed ICBP90 occupancy of the MIF promoter ( Figure 2D and data not shown).
As an initial test for the regulation of MIF expression by ICBP90, we prepared a CMV promoter-based expression plasmid
To obtain the first insight into the functional regulation of the MIF promoter microsatellite and its role in disease susceptibility to our knowledge, we used a proteomic approach to identify candidate nuclear transcription factors that interact with the MIF -794 CATT [5] [6] [7] [8] site. This analysis revealed inverted CCAAT box-binding protein of 90 kDa (ICBP90, also known as ubiquitinlike containing PHD ring finger 1 [UHRF1]) to be essential for the CATT 5-8 length-dependent regulation of MIF transcription in several immune cell types. Whole-genome transcriptional analysis revealed a number of ICBP90-dependent immune response genes that overlap with immune response genes that are MIF dependent, suggesting that ICBP90 exerts a central upstream influence on inducible MIF expression.
Results

Identification of ICBP90 as a MIF -794 CATT 5-8 -interacting protein.
To identify candidate proteins that interact with the MIF -794 CATT 5-8 microsatellite, we synthesized 5′ biotin-labeled oligonucleotides spanning this region of the MIF promoter (-865/-833 to -752) but differing in CATT repetition (with CATT 0 as control) and incubated them with human monocyte nuclear lysates, followed by streptavidin absorption and graded NaCl elution (Figure 1B) . We verified the utility of this approach by testing for the CATT-specific interaction of the transcription factor Pit-1, which may bind CATT motifs (20) , by Western blotting. As shown in Figure 1C , this analysis revealed the retention of recombinant Pit-1 by the MIF 5′CATT 8 oligo but not the control 5′CATT 0 oligo. We next analyzed the monocyte nuclear proteins absorbed by the 5′CATT 8 - activation of monocytes was associated with a CATT repeatdependent enhancement of MIF promoter-binding activity by ICBP90, as assessed by pull-down assays of LPS-stimulated and unstimulated nuclear lysates incubated with MIF promoter 5′CATT 0-8 oligonucleotides ( Figure 3C ). By contrast, Pit-1 was barely detectable in monocyte nuclear extracts. LPS-activated monocytes exhibited a 30% increase in MIF mRNA when compared with unstimulated controls, and both the constitutive and inducible levels of MIF mRNA were reduced by pretreatment with ICBP90 shRNA ( Figure 3D ). These effects on cellular MIF mRNA expression were associated with corresponding changes in the levels of secreted MIF protein ( Figure 3E ) as well as in the production of the downstream, MIF-dependent cytokine, TNF-α ( Figure 3F ). ICBP90 undergoes PKA-dependent phosphorylation on Ser
298
, which enhances its interaction with target DNA (29) . Phospho-ICBP90 (pICBP90) showed increased 5′CATT 0-8 length-dependent binding, as revealed by reduced 5′CATT 5-8 -encoding ICBP90 and transfected it into human HEK293 target cells. As shown in Figure 2 , E and F, the pCMV-ICBP90 plasmid led to a 7-fold increase in the ICBP90 mRNA level as well as an appreciable increase in intracellular, immunoreactive ICBP90 protein. This increase in cellular ICBP90 expression was associated with an 8-fold increase in MIF mRNA, an increase in intracellular MIF content, and a 2.5-fold increase in secreted MIF (Figure 2 , G-I).
LPS stimulates MIF production from monocytes/macrophages (28) . We tested whether LPS increases the cellular expression of ICBP90 and, further, whether an shRNA-mediated reduction in cellular ICBP90 decreases LPS-inducible MIF expression. The addition of LPS to human monocytes increased the cellular expression of ICBP90 by 30%, and both the baseline and LPS-stimulated expression of ICBP90 were reduced by an ICBP90 shRNA ( Figure 3A ). These effects were associated with corresponding changes in the intracellular content of ICBP90 protein ( Figure 3B ). Of note, the inflammatory Role of ICBP90 in the regulation of MIF expression by rheumatoid synovial fibroblasts. Human genetic studies implicate highexpression MIF alleles in rheumatoid arthritis, and experimental data suggest a pathogenic role for MIF as a product of synovial fibroblasts that promotes their proliferative and invasive phenotype in the joint (10, 37, 38) . We assessed the influence of ICBP90 on MIF mRNA expression and protein production by rheumatoid synovial fibroblasts, which remain activated after isolation and in vitro cultivation (39) . Genetic knockdown of ICBP90 by shRNA reduced cellular ICBP90 mRNA by approximately 70% ( Figure  6J ) and led to a concomitant reduction in ICBP90 protein ( Figure  6K ), together with a significant decrease in the expression of MIF mRNA ( Figure 6L ), intracellular MIF content ( Figure 6M ), and constitutive MIF secretion ( Figure 6N ).
To better understand the primacy of ICBP90 in the regulation of MIF and MIF-directed gene expression, synovial fibroblasts freshly isolated from the affected joints of 3 patients with rheumatoid arthritis were treated with shRNA against ICBP90 or MIF, and their whole-genome transcriptional profiles were compared by microarray analysis. Threshold Ct values for the reduction in MIF expression in response to ICBP90 shRNA (24-32 cycles) were nearly as complete as the reduction in Ct values observed in response to MIF shRNA (24-34 cycles) ( Figure 7A ). Principal comassociated pICBP90 immunoreactivity in LPS-stimulated human monocytes treated with the PKA inhibitor H-89 ( Figure 3G ). [5] [6] [7] [8] -dependent manner. Given the low abundance and absence of inflammatory induction of Pit-1 ( Figure 3C ), we focused further attention on defining the regulatory role of ICBP90 in -794 CATT 5-8 -dependent MIF expression. MIF production by human monocytes/macrophages or peripheral blood leukocytes is induced by activation of a number of TLRs, including TLR2, TLR4, TLR7, and TLR9 (12, 21, 30) . To assess the functional role of ICBP90 in TLR-activated MIF expression, we measured the transcriptional activity of human THP-1 monocytes transfected with MIF -794 CATT [5] [6] [7] [8] promoter-luciferase fusion plasmids and stimulated them with different TLR ligands in the presence of a control or ICBP90 shRNA. Both basal and TLRstimulated transcriptional activity of the MIF promoter increased proportionally as a function of CATT length, with -794 CATT 5 showing the lowest gene transcription and -794 CATT 8 showing the highest gene transcription (Figure 4, A-F) . The greatest effect of ICBP90 knockdown on inducible transcription was for the TLR4 agonist LPS, with smaller differences in MIF expression observed in response to the TLR1/2 agonist Pam3CysK. These results agree with recent evidence that CATT alleles have a role in the human host response to Gram-negative and mycobacterial infections, in which TLR4 and TLR1/2, respectively, mediate microbial recognition (13, 31) . ICBP90 knockdown had less effect on the stimulus-induced upregulation of MIF expression induced by dsRNA (TLR3), flagellin (TLR5), or CpG DNA (TLR9) than observed for TLR4 or TLR1/2 agonists, which suggests a less dominant role for ICBP90 in the response to these agonists, at least in the context of this defined monocyte-based assay. In addition, we examined the influence of ICBP90 in human primary peripheral blood mononuclear cells (PBMCs) and observed a similar inhibitory effect of ICBP90 shRNA on -794 CATT 5-8 length-dependent basal and LPS-induced MIF expression ( Figure 4 , G and H).
ICBP90 regulates MIF expression in response to TLR agonists in a 5′CATT
Treatment of human monocytes with MIF or ICBP90 shRNA resulted in equivalent decreases in LPS-stimulated MIF production, which is consistent with the interpretation that ICBP90 plays a direct upstream role in the TLR4-induced MIF response of human monocytes ( Figure 5A ). MIF itself exerts an upstream autocrine/paracrine-activating effect on monocytes, and Mif deficiency is associated with a reduction in the stimulus-induced production of TNF-α, IL-1β, IL-6, IL-8, and MCP-1 (4, 16, (32) (33) (34) . We compared the effect of shRNA directed against ICBP90 with that directed against MIF on LPS-activated human monocytes by measuring the downstream production of these cytokines (and after ( Figure 5 ). The expression of IL-8 was downregulated by ICBP90 and MIF shRNA in monocytes ( Figure 5E ) and only by MIF shRNA in synovial fibroblasts. This may reflect the higher inducible expression of this neutrophil chemokine by monocytes than by fibroblasts (42) or the relative insensitivity of IL8 to ICBP90 regulation in fibroblasts compared with that in monocytes.
ICBP90 is expressed in human synovia and correlates with MIF expression in vivo.
Both high CATT repeat number and increased MIF expression have been associated with the incidence or clinical severity of different forms of autoimmune arthritis, including rheumatoid arthritis (10) (11) (12) . To assess whether ICBP90 is involved in regulating MIF expression in vivo, we examined the expression levels of ICBP90 and MIF mRNA in a registry of synovial tissue samples obtained by synovectomy and subjected previously to whole-tissue microarray analysis. These samples included mRNA obtained from the joints of individuals with rheumatoid arthritis and osteoarthritis. Overall, the rheumatoid synovia showed a higher mean level of MIF expression than the osteoarthritic synovia, which is in agreement with prior reports ponent analysis showed distinct coclustering of the gene expression profiles influenced by ICBP90 and MIF shRNAs (data not shown). Fifty percent (45 of 89) of the genes that were downregulated and ninety-seven percent (36 of 37) of the genes that were upregulated by ICBP90 shRNA were similarly influenced by MIF shRNA, suggesting that ICBP90 is a major regulator of MIF transcription in rheumatoid arthritis synoviocytes ( Figure 7B ). MIF shRNA treatment was associated with the downregulation of an additional 544 genes and upregulation of 733 genes, which reflects the broad and downstream autocrine/paracrine influence of MIF expression on cellular signaling and activation pathways (31, 40, 41) . As ICBP90 primarily affects inducible MIF expression, the greater number of genes affected by MIF than by ICBP90 knockdown most likely reflects the broad influence of constitutive and non-ICBP90-dependent effects of MIF on cellular processes. Heatmaps for the highest scoring genes (1.5-fold differential expression, FDR < 0.05, Figure 7C ) confirmed the coordinate regulation by ICBP90 and MIF of 4 of 5 innate cytokines (TNF-α, MCP-1, IL-6, and IL-1β) observed previously in human monocytes and reflects the generally noninflammatory nature of osteoarthritis (10, 43, 44) . Notably, a significant correlation was observed within the rheumatoid arthritis group between the tissue expression of ICBP90 and MIF (r 2 = 0.602, P < 1.8 × 10 -9
) ( Figure 7D) . A correlation was not observed in osteoarthritis subjects, in which the observed expression of both genes was significantly lower than that in synovia from subjects with rheumatoid arthritis. This correlated expression of ICBP90 and MIF supports a functional role of ICBP90 in the inflammatory expression of MIF in rheumatoid arthritis. Both rheumatoid synovia in situ and rheumatoid synovial fibroblasts in vitro express increased levels of MIF when compared with synovial tissue or fibroblasts obtained from osteoarthritis synovia (43, 44) . Finally, we examined the influence of the MIF promoter microsatellite on MIF expression in earlypassage rheumatoid synovial fibroblasts isolated from the synovia of patients who were either low (CATT 5 -containing genotypes) or high (CATT 6 -and CATT 7 -containing genotypes) MIF expressors. Both MIF mRNA expression and MIF protein production were greater in synovial fibroblast lines of high MIF expressors when compared with those of low MIF expressors. THP-1 monocytes were transfected with MIF promoter-luciferase reporter plasmids bearing 0, 5, 6, 7, and 8 CATT repeats and treated with an ICBP90 or control shRNA, cultured for 6 hours, and (A) were left unstimulated or were stimulated with (B) Pam3CysK (100 ng/ml) for TLR1/2 agonism, (C) polyI:C (1 μg/ml) for TLR3 agonism, (D) LPS (100 ng/ml) for TLR4 agonism, (E) flagellin (100 ng/ml) for TLR5 agonism, or (F) CpG DNA (5 μM) for TLR9 agonism prior to measurement of luciferase activity. Primary human peripheral blood monocytes were similarly analyzed under (G) basal and (H) LPS-stimulated conditions (100 ng/ml). Data are presented as the mean+SD of 3 measurements, with all experiments replicated twice (n = 3 measurements per experiment). *P < 0.05, **P < 0.01 for control shRNA vs. ICBP90 shRNA within each panel; 
Discussion
The identification of candidate susceptibility genes for autoimmunity is prompting closer investigation of their transcriptional regulation, with the objective of creating a more comprehensive understanding of functional interactions between loci. The -794 CATT 5-8 microsatellite length variants within the MIF promoter exist commonly in the population and have been linked to the susceptibility or clinical severity of several autoimmune and infectious diseases (10, 12, 13) . These functional alleles also show global population stratification, with the highest prevalence of the low-expression -794 CATT 5 allele found in sub-Saharan Africa, where it may protect individuals from the lethal inflammatory sequelae of malaria (45, 46) . In the absence of information about the transcriptional regulation of the MIF microsatellite, we embarked on a proteomic approach to identify candidate proteins that might interact with the -794 CATT [5] [6] [7] [8] site from the nuclei of monocytes, which are a major cellular source of MIF in vivo (28) . While Pit-1 has been suggested to be a CATT-interacting transcription factor, a notion supported by the cloning of MIF from AtT-20 pituitary cells (9, 21), we found only very low, albeit detectable, Pit-1 expression or interaction with the MIF promoter in human mononuclear cells. Our proteomic and functional analyses did identify ICBP90, a 90-kDa transcription factor characterized by a RING finger domain, in -794 CATT 5-8 length-dependent MIF expression. First identified in proliferating cancer carcinoma tissues, ICBP90 has been reported to regulate G 1 /S cell-cycle transition (27, 47) , which is notable given independent evidence that MIF influences tumorigenesis via checkpoint arrest and genomic instability (47, 48) . ICBP90 has not been implicated previously in inflammatory processes but appears essential for -794 CATT 5-8 length-dependent MIF expression in several immune cell types as well as in rheumatoid synoviocytes. The PKA-dependent phosphorylation of ICBP90 at Ser 298 enhances its binding to DNA promoters (29) , and we observed a similar augmentation by pICBP90 in -794 CATT [5] [6] [7] [8] length-dependent binding. By RNA interference, concordance was observed across several immune cell types (e.g., monocytes, B and T lymphocytes, and rheumatoid synoviocytes) between ICBP90 and MIF expression at both the mRNA and protein levels.
Monocytes/macrophages express MIF at baseline, and circulating MIF levels can be stratified by an individual's genotype (10, 12, 13) . Diverse activating stimuli upregulate MIF production, and the data herein support an important role for ICBP90 in both constitutive and inducible -794 CATT 5-8 length-dependent MIF expression. RNA interference studies in monocytes transfected with MIF -794 CATT 5-8 promoter constructs showed ICBP90 to Figure 5 . Comparative effect of ICBP90 versus MIF knockdown on MIF-dependent cytokine production. Human THP-1 monocytes were treated with shRNA directed against ICBP90, MIF, or an shRNA control and stimulated for 6 hours with LPS (100 ng/ml). Conditioned media then were harvested for analysis by specific ELISA for (A) MIF, (B) TNF-α, (C) IL-1β, (D) IL-6, (E) IL-8, and (F) MCP-1. Data are presented as the mean+SD of 3 measurements, with all experiments replicated twice (n = 3 measurements per experiment). *P < 0.05, **P < 0.01 for control shRNA versus MIF shRNA as well as for control shRNA versus ICBP90 shRNA by 1-way ANOVA for repeated measurements followed by Dunnett's test for comparing the 2 knockdown groups with the control group at individual time points. P values are shown only for those comparisons that were significantly different. jci.org Volume 126
Number 2 February 2016 specific manner (12) . Experimental reduction of ICBP90 expression was associated with a much smaller decrease in inducible MIF expression by nucleic acid agonists for TLR3 and TLR9 than was observed for stimulation of TLR1/2 and TLR4. This finding likely reflects a less dominant role for ICBP90 in the TLR3/9-mediated upregulation of MIF but also may be influenced by the relatively low expression level of these two pattern recognition receptors on monocytes when compared with circulating dendritic cells (50) .
have its strongest effect on MIF expression induced by bacterial agonists for TLR4 and TLR1/2, which is notable given reports that clinical outcome from infections by Neisseria meningitides and Mycobacterium tuberculosis, which activate the TLR4 and TLR1/2 receptors, respectively, is influenced by MIF genotype (13, 49) . In addition, studies in subjects with systemic lupus erythematosus have shown that PBMCs from high or low MIF expressors stimulated with nucleic acid agonists produce MIF in a genotype- containing 10% fetal bovine serum (low endotoxin, 0.5 EU/ml, BioWhittaker). Human HEK293 cells and early-passage primary rheumatoid synovial fibroblasts, isolated as described previously (39), were cultured in DMEM/10% fetal bovine serum. LPS (E. coli serotype 0111:B4) was obtained from Sigma-Aldrich, and the synthetic lipopeptide Pam3CysSerLys4 (Pam3CSK4) and flagellin were obtained from Invivogen.
The anti-Pit-1 (sc-393943) and anti-ICBP90 (ab57083) antibodies were from Santa Cruz Biotechnology and Abcam, respectively, and the anti-pSer antibody was from Cell Signaling Technology (catalog 9621). The PKA inhibitor H-89 was purchased from Calbiochem. Nuclear protein affinity screening, 2D gel electrophoresis, and liquid chromatography-mass spectrometry. Five double-stranded oligonucleotides spanning the MIF promoter -794 CATT site (-865/-833 to -752) but differing in CATT repetition (e.g., 5, 6, 7, 8, with 0 as control) were synthesized, labeled with biotin at their 5′ termini, and linked to M-280 Streptavidin Dynabeads (Invitrogen). Duplex DNA molecules were prepared by temperature reduction annealing of complementary 3′-oligos. Nuclear proteins were extracted from human THP-1 monocytes with the Qproteome Nuclear Protein Kit (Qiagen). Typically, 3 mg nuclear protein was incubated with test oligonucleotides at 4°C for 1 hour in 1 ml of binding buffer [10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, and 100 ng/ml poly(dI-dC)]. The beads then were washed 3 times, and proteins were eluted with 0.1 ml aliquots of the same buffer containing 0.5 M NaCl.
For 2D gel electrophoresis, the eluted proteins were precipitated (2D Clean-Up Kit, GE Healthcare) and resuspended at 4°C in a labeling buffer containing 7 M urea, 2 M thiourea, 4% CHAPS (w/v), and 25 mM Tris (pH 8.6). The total protein content for each sample was determined by Nanodrop (Agilent). Labeling with the Cy2, Cy3, and Cy5 N-hydroxysuccinimidyl ester dyes was performed by a standard protocol (56) , and the reaction was quenched with excess lysine. For the first-dimension isoelectric focusing gel, the 3 separately labeled samples were pooled and mixed with 400 μl rehydration buffer containing 7 M urea, 2 M thiourea, 4% CHAPS (w/v), 1% DTT (w/v), 2% (v/v) Pharmalyte (GE Healthcare) (pH 3−10), and trace bromophenol blue before loading onto 24-cm pH 3-10 linear IPG strips. Isoelectric focusing was performed on an Ettan IPGphor 3 (GE Healthcare) for approximately 60 kVh at 20°C and 50 μA per strip using the voltage gradient of 30 V for 1 hour, 500 V for 1 hour, and 1,000 V for 1 hour, followed by a linear gradient to 8,000 V over approximately 8 hours, until reaching 60 kVh. The IPG strips then were incubated with shaking in an equilibration buffer containing 6 M urea, 10 mM Tris (pH 6.8), 30% glycerol (w/v), 1% SDS (w/v), and 2% (w/v) DTT for 15 minutes at room temperature. The solution was replaced with equilibration buffer containing 5% iodoacetamide for an additional 10 minutes. For the 2D electrophoresis, the IPG strips were applied to 22-× 24-cm SDS-PAGE gels (12% T, 2.6% C) and overlaid with low-melting point agarose in running buffer. The gels were run at 125 V (20°C) in an Ettan DALTtwelve electrophoresis chamber. For image acquisition, gels were scanned with a Typhoon 9410 Imager at 100 μm resolution, and the data were processed using ImageQuant V5.0 and DeCyder v6.5 software (all from GE Healthcare). Spot detection was conducted on image pairs consisting of each sample from the same gel, which allowed for image overlay and direct measurement of volume ratios of spots between samples.
For MALDI-TOF, protein spots first were subjected to robotic tryptic (Promega) digestion on a GE Healthcare Ettan TA Digester.
Under conditions of TLR4 stimulation, experimental reduction of ICBP90 or MIF expression produced an equivalent decrease in the downstream expression of known MIF-dependent cytokines, namely TNF, IL-1β, Il-6, IL-8, and MCP-1.
A more detailed comparative expression analysis of ICBP90-and MIF-dependent transcription was performed using wholegenome microarray analysis of rheumatoid synovial fibroblasts. These cells maintain an activated phenotype in vitro and can be transfected with high efficiency, which facilitates such analysis, and a role for variant MIF alleles in joint erosion has been established previously by human genetic data and functional studies in Mifdeficient mice (10, 37) . This analysis revealed close concordance between the genes influenced by ICBP90 and by MIF knockdown, with 50% and 97% of the genes downregulated and upregulated, respectively, by ICBP90 observed to be regulated similarly by MIF. These data affirm the upstream regulatory role of ICBP90 in MIF expression and suggest a high specificity of ICBP90 for MIF-dependent transcription in synoviocytes, with a marked effect on several proinflammatory cytokines, chemokines, and their receptors. MIF knockdown influences an additional 1,277 gene transcripts (544 downregulated, 733 upregulated), which is accord with the known activating role of MIF in downstream cellular processes (31, 40, 41) .
High expression MIF alleles defined by greater than 5 repetitions of the -794 CATT X , most significantly CATT 7 , have been linked to the clinical severity of several autoimmune diseases and across different populations (10) (11) (12) . In rheumatoid arthritis, higher repeat variants are associated with higher circulating MIF levels and with more severe radiologic joint damage. Additionally, separate studies have shown disease activity to correlate with synovial MIF expression (10, 43) . In a gene expression data set of rheumatoid synovial tissues, we observed a close correlation between ICBP90 and MIF expression, supporting the regulatory role of ICBP90 in MIF transcription in vivo.
In conclusion, these studies identify ICBP90 as a transcription factor regulating -794 CATT 5-8 length-dependent MIF expression. MIF is expressed in numerous cell types outside the immune system, and the present findings do not exclude a role for other CATT Xinteracting transcription factors, yet to be identified, in the tissue-specific regulation of the MIF promoter microsatellite (1). It is notable that an increasing body of literature implicates MIF in stress responses and a role for Pit-1 in neuroendocrine cell types may still be defined (23, 51) . Within the context of the rheumatoid synovium, it is noteworthy that ICBP90 action appears highly specific for MIF, suggesting that further investigation of the role of ICBP90 in inflammatory processes and disease pathogenesis is warranted. ICBP90 also may provide a functional link that will increase our understanding of MIF's role in the inflammatory pathogenesis of human tumors (52, 53) , especially with emerging data suggesting associations between high expression MIF alleles and tumor progression (14, 54) . Finally, given ongoing efforts to develop MIF-based therapies, which may be most beneficial in high MIF expressors, the present findings open the possibility of the pharmacological targeting of ICBP90 in immunological and oncologic disease (19, 40, 55 EMSAs. Nuclear extracts from human THP-1 monocytes were analyzed with the LightShift Chemiluminescent EMSA Kit (Thermo Scientific). Nuclear extracts (2 μg) were incubated at 4°C in 2 μl of ×10 binding buffer, 1 μl of 50 ng/μl poly(dI-dC), 11 μl ddH 2 O, and anti-ICBP90 or control IgG. A biotin-labeled MIF promoter oligonucleotide containing 5′CATT 8 (-865 to -752, 20 fmol) was added to the reaction mixture with or without unlabeled excess 5′CATT 8 or 5′CATT 0 oligonucleotides (4 pmol) and incubated for 20 minutes at 22°C. Samples were electrophoresed at room temperature using 6% (w/v) nondenaturing polyacrylamide gels prior to transfer onto nylon membranes for chemiluminescence detection.
Transfection, MIF expression, and real-time qPCR studies. MIF -794 CATT 5-8 -dependent transcription was analyzed using 4 corresponding MIF promoter/luciferase reporter plasmids and an isologous MIF -794 CATT 0 plasmid control as described previously (9) . Lipofectamine 2000 reagent was used for transient transfection of adherent cell lines (Invitrogen), and an Amaxa nucleofector was employed for suspension cell cultures. Typically, 1 μg of each MIF reporter plasmid, a β-actin Renilla luciferase plasmid, and shRNA-expressing plasmid was used per transfection; the shRNAs included ICBP90 (GI333964), Pit-1 (TG310279), HBP1 (TL312507), or control vector (TR30007) (all from Origene). In selected experiments, the transfected cells were stimulated with the TLR agonists (Pam3CSK4, LPS, flagellin, doublestranded polyI:C, CpG DNA) or PMA for an additional 6 to 8 hours of culture prior to measurement of promoter activity. Studies with primary human PBMCs used RPMI-5HS medium (RPMI 1640 plus 5% human AB serum), nucleofection technology (Amaxa), and the manufacturer's guidelines. Luciferase assays were measured using a TD-20/20 luminometer (Turner Designs) and the Dual-Luciferase Reporter System (Promega), and signals normalized in relation to the internal Renilla luciferase activity. Each transfection experiment was performed in triplicate wells and repeated at least twice.
For real-time PCR, RNA was extracted using the RNeasy Extraction Kit (Qiagen) and cDNA was synthesized from 1 μg RNA (iScript cDNA Synthesis Kit, Bio-Rad). Real-time PCR was carried out with the iQ SYBR Green System (Bio-Rad) and nucleotide primers for ICBP90 (5′-ATGTGGATCCAGGTTCGGA-3′ and 5′-GAACAGCTCCTGGAT-CTT-3′) and for selected cytokines (30) . The emitted fluorescence for each reaction was measured during the annealing/extension phase, and relative quantity values were calculated by the standard curve method. The quantity value of GAPDH or 18S in each sample was used as a normalizing control. Differences were evaluated by nonparametric testing using the Mann-Whitney U test.
Protein quantification. The release of TNF-α, IL-1β, IL-6, IL-8, and MCP-1 into cell culture supernatants was determined by the Bio-PLEX PRO Luminex assay method (Bio-Rad). Immunoreactive MIF was measured by specific ELISA, as described in Sreih et al. (12) . For Western blotting, equal amounts of total protein were resolved by 10% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes, and nonspecific binding was blocked by standard protocols. The membranes were incubated overnight with anti-ICBP90 (1:1,000) , and the antibody-antigen complexes were detected using an HRP-coupled anti-rabbit secondary antibody (1:2,000) and Portions of the digest (1-1,000 fmols) were desalted using a C18 ZipTip (P10 size) and 50% acetonitrile/0.1% TFA, followed by washing with 0.1% TFA. Peptides were eluted from the ZipTip with 3 μl of 60% acetonitrile/0.1% TFA, containing 3.5 mg/ml α-cyano-4-hydroxy cinnamic acid matrix. 0.8-μl samples were loaded onto the MALDI target plate. Internal calibrants (1 fmol bradykinin, 2 fmols ACTH ) were added with the matrix. Peptide identification was performed on an Applied Biosystems (AB) model 4800 MALDI-TOF mass spectrometer. Reflectron mass spectrometry analysis summed 1,250 laser shots to generate each peptide fingerprint map, and the spectra were internally calibrated using a bradykinin internal standard. Masses were selected by the AB 4000 Series Explorer software (v3.0) for tandem mass spectrometry (MS/MS) acquisition. MS/MS was performed first on the masses with the highest intensity to ensure that several MS/MS spectra of high quality were obtained before the MALDI spot was depleted. Up to 10 MS/MS spectra were acquired and 10,000 laser shots were combined for each MS/MS spectrum. Mass spectrum data were collected using Xcalibur mass spectrometry acquisition software, and raw data were analyzed with the MAS-COT Daemon batch processing software, the MASCOT Distiller, and the MASCOT search engine algorithm.
ChIP analysis. Ficoll-purified human PBMCs were treated with 1% formaldehyde and washed and lysed in the presence of inhibitors, and chromatin fragments were prepared by MNase digestion prior to immunoprecipitation using the Thermo Scientific ChIP Kit and the manufacturer's protocol. Briefly, aliquots were incubated with 2 μg anti-ICBP90 (sc-98817, Santa Cruz Biotechnology) or control IgG, followed by addition of 20 μl of Protein A/G plus Agarose, and incubated under constant agitation for 1 hour. After extensive washing, the DNA-protein-antibody complexes were eluted from the agarose beads with 150 μl of 0.1 M NaHCO 3 /1% SDS. Following the addition of 0.2 M NaCl, all samples, including input, were incubated for 4 hours at 65°C with shaking to revert cross-linking. After treatment with 10 μM RNAase and digestion with 40 μM proteinase-K, the immunoprecipitated DNA was recovered using a DNA clean-up column. The following ChIP-grade antibodies were used: rabbit anti-ICBP90 (sc-98817, Sant Cruz Biotechnology), mouse anti-RNApol II (1862243, Thermo Scientific), and rabbit IgG (1862244, Thermo Scientific). Immunoprecipitated DNA was quantified by qPCR (5 minutes at 95°C, 35 cycles at 95°C for 30 seconds and 60°C for 30 seconds) using the iQ5 Sequence Detection System and the Power SYBR Green PCR Master Mix (Bio-Rad). A melting curve analysis was performed to discriminate between specific and nonspecific PCR products. The relative amount of MIF promoter DNA (123-bp amplicon encompassing the CATT repeat region) was determined using the following primers: MIF forward 5′-TCTTCCTGCTATGTCATG-3′; MIF reverse 5′-AAT-GGTAAACTCGGGGAC-3′. Data were normalized by input control DNA and expressed with respect to those of control IgG (used as calibrator). To confirm ICBP90 occupancy of the MIF promoter, the PCR amplicon derived from the anti-ICBP90 immunoprecipitated DNA was subcloned into the pTA2 vector and the CATT-containing MIF promoter sequence was confirmed by DNA sequencing.
ICBP90 cloning and expression. A genomic sequence from GenBank (NM_001048201.1) was used for DNA amplification to produce a full-length human ICBP90F cDNA clone in the pCMV7.1 expression vector (Sigma-Aldrich). Construction fidelity was confirmed by DNA sequencing, and TOP10 cells were (Invitrogen) transformed jci.org Volume 126 Number 2 February 2016
Statistics. GraphPad Prism software was used for statistical analysis. Results are expressed as mean ± SD. The Student's t test and approximate calculation of normal distribution were used to study the difference between groups, with all comparisons being 2 tailed. Oneway ANOVA with subsequent Tukey's test for multiple comparisons was used for comparing ICBP90 knockdown shRNA with the corresponding control shRNA (Figure 3) . One-way ANOVA for repeated measurements followed by Dunnett's test was used for comparing the two knockdown groups with the control group at individual time points ( Figure 5 ). Pearson correlation was used to measure the similarity of expression levels in the transcriptome analysis. A P value less than 0.05 was considered statistically significant.
Study approval. The use of discarded surgical specimens from arthroplasties for the isolation of synovial fibroblasts and the drawing of peripheral blood for monocyte cultivation were approved by the Yale Human Investigations Committee. Informed consent was obtained for the procurement and analysis of these specimens.
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